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I  INTRODUCTION  AND  SUMMARY 

This  is  the  Final  Report  on  Contract  AF  04(611)-9370  which  has  been 
completed  and  has  been  succeeded  by  Contract  F  0461 1-67- (C)-0092  ,  The 
report,  which  contains  unpublished  work  and  four  manuscripts  for  publica¬ 
tion,  summarizes  research  carried  out  in  the  period  from  July  1,  1963,  to 
August  15,  1966,  with  major  emphasis  on  the  results  obtained  sim  May 

4* 

1965.  The  highlight  of  this  work  was  the  discovery  of  the  NF4  cation 
described  in  Article  1,  "The  Synthesis  of  the  Perfluoro  Ammonium  Cation, 
NF4  ,"  a  manuscript  in  process  of  publication  in  Inorganic  Chemistry . 
Preliminary  notice  of  the  discovery  of  NF4  was  published  in  a  communi¬ 
cation  to  Inorganic  and  Nuclear  Chemistry  Letters,  which  is  reproduced 
here  as  Article  2. 

The  research  in  this  program  had  two  objectives.  The  first  was  to 
determine  whether  energetic  ionic  species  could  be  synthesized  in  chemical 
systems  consisting  of  very  weak  bases  such  as  NF3  and  very  strong  acids 
such  as  SbFg  ,  The  new  species,  if  formed,  were  expected  to  be  energetic 
cations  associated  with  the  corresponding  anions  such  as  SbF6“  .  The 
second  ebjective  was  to  carry  out  the  synthesis  of  highly  energetic  salts 
by  coupling  the  new  energetic  cations  with  energetic  anions  through 
metathetical  reactions  in  the  solvent  anhydrous  HF. 

The  chemical  system  NF3/FS /SbFg /HF  was  selected  for  study  as  being 
the  most  likely  to  be  capable  of  forming  the  desired  new  cations.  It 
was  expected  that,  in  the  combinations  of  reagents  containing  NF3 ,  one 
or  more  of  the  ions,  NF  +,  could  be  synthesized.  New  information 
coincidental  to  these  studies  is  reported  in  Article  3  "Evidence  for  the 
Existence  of  the  Sb2F11~  Anion"  and  in  Article  4  "The  Solubility  of  Fs , 

NF3  ,  and  02  in  Anhydrous  Liquid  HF  "which  will  be  submitted  to  Inorganic 
Chemistry  and  to  Chemical  and  Engineering  Data ,  respectively. 
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The  quaternary  system  as  well  as  its  four  ternary  and  s^x  binary 
subsystems  have  been  studied  extensively  and,  as  a  result,  a  number  of 
new  salts  containing  energetic  cations  have  been  synthesized.  The  most 
important  and  most  thoroughly  characterized  of  these  is  the  new  salt, 
NF4SbFs,  containing  the  energetic  cation  NF4+.  It  has  been  synthesized 
in  greater  than  10-gram  quantities  having  purities  from  96  to  99%.  The 
salts  NF4Sb3F11(  NF4Sb3Fls,  and  NF4AsF6  have  also  been  synthesized  and 
characterized.  In  addition,  partial  evidence  for  the  formation  of  a  very 
small  quantity  of  the  new  salt  NF2+Sb2Fu  has  also  been  obtained. 

The  above  results  have  satisfied  the  first  objective  of  the  research. 
Additional  results  have  established  the  feasibility  of  achieving  the 
second.  It  has  been  shown  that  NF4SbF3  and  KC104  in  solution  in  HF  are 
not  mutually  destructive  and  therefore  that  the  synthesis  of  NF4C104  is, 
in  principle,  possible. 

The  remainder  of  this  report  consists  of  one  section  containing 
classified  information  and  four  manuscripts  intended  for  publication  in 
various  journals. 
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II  UNPUBLISHED  kESULTS 

The  Reaction  of  NF3  with  SbFg 

Because  the  reaction  of  NF3  ,  Fg  ,  and  SbFg  produces  NF4SbF6,  it  wis 
clearly  possible  that  the  reaction  of  NF3  and  SbF»  would  produce  NF2SbFB  . 
This  possibility  follows  from  the  fact  that  the  presence  of  NFa  is 
implied  in  one  of  the  two  mechanisms  that  have  been  deduced  as  leading  to 
the  formation  of  NF4+.  The  pertinent  mechanism  is: 

NF3  +  SbFB  -  NFaSbFg 

NF2SbF6  +  Fa  -  NF4SbF6 

The  alternate  route  is: 

F„  +  SbFB  -  F+SbFs“ 

NF3  +  ^SbFg"  -  NFjSbFg 

The  first  of  these  two  routes  was  studied  by  heating  NF3  and  SbFg 
at  200cC  and  2400  psi  for  50  .iours,  The  quantity  of  gas  isolated  from 
the  reaction  mixture  was  only  slightly  less  than  that  initially  present. 
The  gas  contained,  however,  a  small  amount  of  a  material  that  was  not 
condensable  in  liquid  nitrogen.  This  appeared  to  be  nitrogen  because 
its  vapor  pressure  at  -210°C  was  higher  than  that  of  Fa ,  the  only 
possible  alternative.  It  was  also  found  that  slightly  more  than  2%  of 
the  NF3  had  disappeared .  From  th  _  evidence  it  was  clear  that  a  reaction 
of  NF3  had  occurred  and  that  nitrogen  gas  had  formed.  We  detected  no 
NaF4  or  N2Fa  in  the  infrared  spectra  of  the  condensable  fraction.  These 
gases,  if  present,  might  have  formed  antimonate  complexes  in  the  presence 
of  SbFg  .  The  excess  SbFg  was  removed  from  the  reactor  at  50°C,  a 
temperature  that  would  not  decompose  such  complexes. 

When  the  reactor  was  cut  open  in  a  dry  box,  a  quantity  of  a  white 
solid  was  found  on  the  walls  of  the  lower  part  of  the  vessel.  This 
material  was  hydrolyzed  and  the  gas  evolved  was  analyzed  by  mass 
spectrometry.  The  gas  contained  Qa ,  NF3 ,  N0S ,  NO,  and  N20.  The 
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hydrolysate  contained  a  substantial  quantity  of  nickel  and  copper  salts, 
implying  the  presence  of  Ni(ll)  and  Cu(ll)  antimonates  in  the  white  product. 

The  presence  of  NF3  and  02  in  the  gas  evolved  on  hydrolysis  indicated 
the  presence  jf  NF4  +  .  The  oxides  of  nitrogen  formed  indicated  the  possible 
presence  of  the  antimonate  complexes  of  N2F4  and  N2F2  and  of  NF2+  whose 
reaction  with  water  would  produce  oxides  of  nitrogen  of  the  same  valence 
state  . 

We  regarded  it  as  highly  unlikely  that  NF3  would  disproportionate 
to  the  elements  and  to  N2F4  and  N2F2  in  a  heavily  passivated  vessel  at 
200°C.  Thus  it  appeared  likely  that  ihe  first  step  in  the  observed 
react  ion  was : 

NF3  +  2SbFs  -  NF2+Sb2Fu- 

From  the  unusually  large  amount  of  monel  salts  formed,  it  was  concluded 
that  a  second  reaction  was: 

NF2+  +  Ni  -  NiF2  +  |N2 

The  formation  of  NF4 +  could  be  accounted  for  as  follows: 

nf3  +  nf2+  -  nf4+  +  §n2f2 

On  the  oasis  of  these  reactions  and  with  the  assumption  that  dis¬ 
proportionation  of  NF3  did  not  occur,  we  concluded  but  did  not  prove 
that  NF2+  had  been  formed.  The  study  of  this  reaction  was  not  pursued 
further  because  of  the  apparent  lower  stability  of  the  product  formed 
as  compared  with  NF4+. 

Interaction  of  a  Perchlorate  with  NF4SbFe 

We  attempted  to  determine  whether  the  synthesis  of  NF4C104  is 
possible,  first  by  observing  the  stability  of  a  mixture  of  the  solids 
NF4SbFe  and  KC104 ,  and  second  by  observing  the  behavior  of  these  two 
solids  in  solution  in  liquid  HF.  Because  no  apparent  mutual  destruction 
of  the  perchlorate  and  NF4SbF6  was  detected,  in  our  opinion  synthesis  of 
NF4C104  should  be  possible. 
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It  has  been  reported1  that  attempts  to  prepare  NF20+C104  resulted 
in  mutual  destruction  of  NF20+  and  C104“  to  form  FC1G3  a  id  FN02  .  In 
our  experiments  involving  NF4SbFe  and  KC104 ,  we  searched  the  contents 
of  the  reaction  vessel  for  evidence  that  would  indicate  the  occurrence 
of  such  a  decomposition.  No  molecules  containing  the  species  F-C1-0 
F  1  0  were  found  either  in  the  gas  phase  or  ir.  successive  fractions 
Obtained  by  vaporizing  the  HF  solvent.  The  solid  remaining  after 
removal  of  solvent  was  hydrolyzed;  no  evidence  for  the  presence  of  nitrogen 
oxides  could  be  observed,  although  evolved  gas  (presumably  NF3  and  02 ) 
indicated  the  presence  of  the  NF4  +  cation  in  the  residue. 


'Allied  Chemical  Corporation,  General  Chemical  Division,  Quarterly  Report 
No.  PR-25,  Contract  No.  DA-01-021-AMC-12264  (Z ) ,  June  1965. 
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Article  1 


THE  SYNTHESIS  OF  THE  PERFLUORO  AMMONIUM  CATION,  NF4  + 


Submitted  for  publication  to  Inorganic  Chemistry,  cleared  31  October  1966 
file  action  SCES  66-1406. 


THE  SYNTHESIS  OF  THE  PERFLUORO  AMMONIUM  CATION,  NF4  + 

W,E.  Tolberg,  R  .T .  Rewick,  R.S.  Stringham,  and  M  .E  .  Hill 

ABSTRACT 

When  a  mixture  of  nitrogen  trifluoride,  fluorine, and  antimony 
pentaf luoride  is  heated  under  pressure,  the  salt  NF4SbF6  is  formed. 

This  is  the  first  derivative  of  the  perf luoroammonium  cation  NF4 + 
to  be  observed.  It  was  characterized  by  evidence  obtained  from  thermal 
decomposition,  hydrolysis,  elemental  analyses, and  fluorine  nmr  spectra. 
The  salt  is  stable  in  a  very  dry  atmosphere  and  at  200°C  in  vacuo  but 
decomposes  rapidly  above  300°C  to  NF3 ,  Fp,and  SbFg  .  Elemental  analysis 
was  carried  out  by  determination  of  the  quantity  and  identity  of  the 
gases  evolved  on  hydrolysis  followed  by  analysis  of  the  hydrolysate. 

■f 

Hydrolysis  of  NF4  quantitatively  produces  NF3  and  0p  in  a  two  to  one 
mole  ratio.  These  analyses  showed  that  the  empirical  composition  of  the 
solid  was  NSbF10  ,  and  that  the  oxidation  number  of  nitrogen  in  the  com¬ 
pound  is  five.  The  product  is  from  96  to  99%  pure  as  isolated  from  the 
monel  reactor,  the  balance  consisting  mainly  of  Ni(SbFe)2  .  The  fluorine 
nmr  spectra  were  obtained  from  the  salt  dissolved  in  anhydrous  HF  and 
were  consistent  with  the  presence  of  SbFe“  and  of  a  species  of  the  type 

NF  ^,0  .  From  this  and  other  evidence  the  structure  of  the  salt  was 
x 

shown  to  be  NF4  SbFs~  .  Because  the  nmr  spectra  showed  that  all  fluorines 
attached  to  nitrogen  are  equivalent,  the  NF4  +  ion  is  almost  certainly 
tetrahedral . 

The  salt  NF4AsF6  was  alsc  synthesized  in  a  similar  reaction  and 
was  characterized  by  thermal  decomposit ion, hydrolysis , and  elemental 
analysis.  These  results  were  quite  analogous  to  those  of  the  antimonate 
salt  except  that  the  thermal  decomposition  temperature  was  slightly 
lower  and  the  purity  was  only  about  95%. 
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INTRODUCTION 

In  a  recent  communication,1  the  synthesis  of  the  new  cation  NF4 
was  described  as  resulting  from  the  reaction  of  nitrogen  trifluoride, 
fluorine,  and  antimony  pentaf luoride  in  liquid  HF,  at  200C  and  up  to 
85  atmospheres  pressure  in  a  monel  metal  vessel .  The  product  consisted 
of  a  mixture  of  NF  SbF,  and  the  antimonate  and  fluoride  salts  of  metals 

4  6 

from  the  reaction  vessel . 

This  synthesis  resulted  from  a  systematic  study  of  the  NF3/F2 /SbFg /'HF 
system  in  which  it  was  thought  that  one  or  more  of  the  possible  NF^  + 
cations  might  be  formed  from  NF3 .  We  have  studied  extensively  a  number 
of  combinations  of  the  components  of  the  above  quaternary  system  and 
and  have  found,  in  addition  to  the  reaction  reported  earlier,  a  second 
reaction  in  which  the  NF_ +  cation  is  formed.  These  two  reactions  differ 
in  that,  in  the  first,  a  liquid  phase  of  HF  was  present  while,  in  the 
second,  no  HF  was  added  to  the  system.  The  new  reaction  is: 

NF3  +  F2  +  SbFg - »  NF4SbF6  (1) 

Price  £t  jil.,s  on  considering  the  NF4  +  cation  theoretically,  con¬ 
cluded  from  its  calculated  electron  affinity  and  size  that  it  could  not 
form  crystalline  salts.  Wilson3  estimated  the  heat  of  formation  of  NF^  + 
by  comparing  the  isoelectronic  series  CF2/CF3/CF4  and  NFg +/NF3+/NF4 + . 

From  this  and  other  considerations,  he  concluded  that  it  was  not  unlikely 
that  NF4+  could  be  prepared  by  a  suitable  ion-molecule  reaction  and 
observed  in  the  gas  phase.  He  also  discussed  the  stability  of 
hypothetical  perfluoroammonium  fluoride,  perchlorate,  sulfate,  and 
f luoborate .  Of  these,  only  the  latter  was  thought  possibly  capable  of 
existence  and  this  only  at  low  temperatures.  He  did  not  discuss  the 
antimonate  or  arsenate  salts  in  his  paper  but  privately  stated  that  these 
might  very  well  be  stable  . 

Prior  to  our  experimental  studies  of  the  NF3/F3/SbFs /HF  system,  we 
concluded  that,  if  the  series,  BF4”  ,  CF4 ,  NF4  +  ,  and  their  trifluoride 
precursors  had  consistent  properties,  NF4+  might  be  considerably  more 
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stable  than  predicted.  We  also  estimated  the  heat  of  reaction  to  form 
the  hypothetical  salt  NF^F  in  liquid  HF  ,4  These  conclusions  and  cal¬ 
culations  encouraged  us  to  attempt  the  preparation  of  NF4SbF6  . 

Nearly  pure  NF4SbF6  can  be  obtained  under  certain  conditions. 
Variation  of  temperature  and  heating  periods  has  produced  salts  having 
the  compositions  NF^SbgFjj  and  NF4Sb3  Fie  •  It  is  likely  that  the  complex 
anions  Sb3F11-  and  Sb3Fls~  exist  in  these  salts, since  the  fluorine  nmr 
spectrum  of  Sb^F"^  has  been  observed  in  other  systems .5  >6  ,7  NF4SbF6 
can  be  obtained  from  these  salts,  however,  by  heating  them  in  vacuo . 

The  following  describes  the  preparation,  characterization,  and  some 
reactions  of  NF4SbF6  and  NF4AsF8  . 

EXPERIMENTAL  SECTION 

Apparatus .  The  vacuum  system  used  in  this  work  consisted  of  a 
metal  manifold  to  which  a  number  of  subsystems  were  attached.  These 
were:  (1)  a  multipurpose  line  for  handling,  measuring,  and  transferring 

reactants;  (2)  a  line  for  purifying  and  storing  fluorine;  and 
(3)  a  similar  line  for  nitrogen  trifluoride.  The  multipurpose  subsystem 
(1)  with  a  monel  metal  reaction  vessel  attached  is  shown  in  Figure  1  and 
the  fluorine  line  in  Figure  2. 

All  valves  are  Hoke  M-482-M  bellows  valves.  The  fluorir'1  line 
consists  of  copper  lines  and  vessels  fabricated  with  silver/copper 
eutectic  solder.  The  multipurpose  line  is  of  monel  metal  assembled  by 
means  oi  heliarc  welding.  Demountable  joints  were  made  from  fittings 
having  IDP  Teflon  ferrules. 

The  60-cc  reaction  vessel  is  shown  in  detail  in  Figure  3.  The 
vessels  were  fabricated  by  means  of  heliarc  welding  and  were  tested 
under  vacuum  with  a  helium  leak  detectcr,  treated  with  fluorine  gas, 
and  later  tested  at  200  atmospheres  with  nitrogen  gas.  The  welds  are 
made  the  full  thickness  of  the  tubing  for  strength. 
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FIG.  2  FLUORINE  PURIFICATION  LINE 


Reagents  .  Nitrogen  trifluoride  was  obtained  99.9%  pure  from  Air 
Products  Company.  Because  about  0.1  mole  or  7  grams  were  required  for 
each  preparation,  the  NF3  was  transferred  within  the  vacuum  system  by  a 
method  designed  to  prevent  contamination  and  to  remove  the  nitrogen 
impurity  originally  present  .  Two  and  one  fourth  liter-atmospheres  was 
condensed  at  liquid  nitrogen  temperature,  warmed  to  -130°C,  and  trans¬ 
ferred  to  the  calibrated  volume  tt  -196°C  and  pumped  on. 

Fluorine  with  a  typical  analysis  of  98%  purity  was  obtained  from 
Allied  Chemical  Corporation.  Three  liter-atmospheres  was  condensed  into 
a  trap  packed  with  nickel  spirals  and  cooled  to  -196°C.  The  gas  remaining 
in  the  metering  volume  was  isolated  from  the  trap,  and  the  contents  of 
the  trap  volatile  at  -196°C  were  transferred  to  a  1-liter  volume  cooled 
to  -2l0°C.  On  isolation  from  the  trap,  the  liquid  was  pumped  on  at 
-210°C  (solid  nitrogen/liquid  nitrogen  slush),  warmed  to  -196°C,  and 
transferred  into  the  calibrated  volume  at  -210°C. 

Antimony  pentaf luoride  was  obtained  99.5%  pure  from  Allied  Chemical 
Corporation.  It  was  transferred  directly  from  the  supply  vessel  into  an 
FEP  Teflon  buret  by  trap-to-trap  distillation.  The  contents  of  the  buret 
were  pu  ped  on  at  -44°C  and  used  without  further  purification. 

Hydrogen  fluoride  was  obtained  in  excellent  purity  from  Olin 
Corporation.  Because  HF  reacts  slowly  with  its  container  forming  hydrogen 
gas,  the  hydrogen  must  be  removed  both  to  facilitate  vacuum  transfer  and 
to  avoid  reaction  with  fluorine  on  subsequent  fluorination  of  the  HF.  In 
addition,  solid  HF  expands  rapidly  on  melting, and  at  23°C  the  resulting 
liquid  occupies  a  volume  about  1.5  times  that  of  the  solid.  Therefore, 
an  enclosed  container  filled  with  solid  HF  will  burst  as  the  HF  melts. 
Figure  4  shows  the  apparatus  used  to  obtain  about  200  cc  of  solid  HF  in 
a  double  trap  that  is  pumped  on  while  cooled  with  liquid  nitrogen.  The 
HF  is  transferred  successively  from  the  trap  to  the  buret  and  to  the 
storage  vessel  where  it  is  treated  with  fluorine  gas.  The  fluorine  is 
removed  by  pumping  on  the  HF  cooled  to  -196°C, 

Experimental  Techniques.  The  volumes  of  all  sections  of  the  multi¬ 
purpose  line  were  measured  by  expansion  of  a  known  pressure  of  nitrogen 
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from  a  known  volume.  The  vacuum  system  was  maintained  leak-free  by 
testing  with  a  helium  leak  detector.  The  combination  of  reagents  H.v, 

?a  ,  and  SbFg  ,  although  highly  corrosive,  appears  to  passivate  the  system. 
If  exposed  to  air  containing  water  vapor,  the  system  corrodes  and  the 
bellows  deteriorate  rapidly.  Thus,  the  bellows  are  never  needlessly 
exposed  to  air  and  are  installed  so  that  they  are  in  vacuum.  All  sections 
are  treated  with  fluorine  gas  after  each  exposure  to  air. 

Fluorine  behaves  as  a  perfect  gas  relative  to  its  behavior  at  one 
atmosphere  up  to  a  pressure  of  13  atmospheres  (gauge  limit) ,  and  was 
measured  in  the  calibrated  volume  at  sufficient  pressure  to  obtain  about 
0 .13  mole . 

Nitrogen  trifluoride  does  not  behave  as  a  perfect  gas  at  pressures 
up  to  13  atmospheres  relative  to  its  behavior  at  one  atmosphere.  Conse¬ 
quently,  its  deviation  from  perfect  gas  law  behavior  was  determined  and 
used  to  obtain  measurement  of  the  quantity  of  NFa  supplied  to  the 
reaction  vessel. 

Antimony  pentaf luoride  was  measured  only  approximately  by  volume 
because  in  a  metal  system  treated  with  fluorine  much  SbFg  is  lost  by 
reaction  with  metal  fluorides  to  form  antimonate  salts.  The  monel 
reaction  vessel  also  absorbed  several  grams  of  SbF5  when  exposed  to 
fluorine  at  high  pressure  and  200°C. 

In  a  typical  preparation,  0.07  mole  SbFg  and  0.09  mole  NF3  were 
condensed  into  the  reaction  vessel  at  -196°C  while  0.13  mole  of  Fa  was 
condensed  from  the  calibrated  volume  at  -196°C  into  the  reaction  vessel 
at  -210°C.  The  reaction  vessel  was  placed  in  a  vertical  tube  furnace 
surrounded  by  Fiberglas  and  enclosed  in  a  steel  safety  shield.  The 
temperature  was  obtained  from  an  iron-constantan  thermocouple.  The 
reaction  mixtures  were  heated  at  100°C  or  at  200°C  for  from  24  to  124 
hours . 


ANALYSES 


The  procedure  is  here  outlined  for  safely  removing  unreacted 
starting  materials  from  the  reactor  on  completion  of  the  heating  period 
id  for  subsequent  analysis  of  the  NF^ +  salts  formed  in  the  reaction, 
rtiter  50  hours  heating  at  200°C,  the  reaction  vessel  is  cooled  and 
installed  as  shown  in  Figure  1.  The  sections  of  tubing  exposed  to  the 
atmosphere  are  repassivated  with  fluorine  gas,  evacuated,  and  tested 
with  a  helium  leak  detector.  The  pressure  of  unreacted  F2  and  NF3  in 
the  reaction  vessel  is  in  excess  of  30  atmospheres.  Because  fluorine  at 
pressures  greater  than  two  atmospheres  cannot  always  be  released  through 
a  small  valve  into  an  evacuated  system  without  the  occurrence  of  a 
fluorine  fire  in  the  valve,  the  reactor  is  cooled  to  -196°C,  the  valve 
is  opened,  and  the  reactor  is  warmed  to  -130°C.  The  F2  and  NF3  are 
transferred  into  the  500-cc  vessel  and  wanned  to  room  temperature,  and 
the  pressure  is  recorded . 

The  mixture  is  condensed  again  in  the  500-cc  volume  at  -210°C  and 
the  fluorine  is  removed  by  pumping  on  the  system.  The  fluorine  is  dis¬ 
posed  of  slowly  through  the  scrub  vacuum  line  which  is  equipped  with  a 
Sodasorb  trap.  Complete  separation  of  fluorine  requires  repeated  warming 
of  the  mixture  to  room  temperature,  measurement  of  pressure,  cooiing  to 
-210°C,  and  pumping.  When  a  constant  pressure  is  observed  (usually  after 
the  third  extraction) ,  the  gas  remaining  is  NF3  containing  a  small  but 
detectable  quantity  of  both  CF4  and  SiF^  .  Since  neither  are  detectable 
by  infrared  spectra  of  the  starting  materials,  it  is  assumed  that  they 
are  derived  from  the  reaction  vessel.  The  impurities  present,  however, 
do  not  contribute  appreciable  error  to  the  determination  of  F2  and  NF3 
from  pressure  readings  obtained  as  described  above. 

The  reactor  is  cut  open  with  a  hack  eaw  within  the  dry  box  and  the 
NF4+  antimonate  and  complex  antimonate  salts  (>  15  grams)  are  safely 
removed  from  the  reactor  by  breaking  up  the  melt  and  sc-aping  it  out . 

Reaction  with  SiOg .  Because  water  and  the  elements  of  water  are 
extremely  difficult  to  remove  from  glass,  it  was  necessary  to  observe 
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the  interaction  of  NF4SbF6  With  glass  to  determine  the  feasibility  of 
obtaining  X-ray  powder  diffraction  patterns  in  glass  capillaries  As 
expected,  the  reaction  of  very  dry  glass  with  NF4 SbF-  resembled  hydrolysis 
until  the  elements  of  water  were  depleted.  When  the  temperature  was 
increased  to  85°C,  a  different  reaction  occurred,  yielding  I~-  and  SiF4 
but  no  oxygen.  It  was  assumed  that  OsSbFs  was  formed.  At  higher  teirper- 
atures,  the  monel  vessel  was  attacked  and  metal  oxides  were  formed.  Thus 
it  appears  that  X-ray  spectra  can  be  obtained  only  with  special  treatment 
of  th  glass  capillaries  to  avoid  partial  decomposition  of  the  sample. 

Reaction  with  Halides.  Attempts  to  obtain  infrared  spectra  in 
XBr,  KC1,  and  AgCl  showed  that  NF4 +  reacts  with  bromide  but  not  with 
these  chlorides  in  the  solid  state. 

NMR  Spectra.  F19  resonance  spectra  were  obtained  from  NF4SbF6 
dissolved  in  HF  and  contained  in  an  ITSP  Teflon  capsule.  The  capsule  fits 
inside  a  standard  nmr  tube  and  had  an  i  ,d .  of  0.100  in.  The  capsule 
permits  diffusion  of  water  vapor  through  its  walls  such  that  half  the 
NF4 +  is  hydrolyzed  after  five  weeks.  The  spectrometer  is  a  Varian 
Associates  Model  HA- 100,  operated  in  the  HR  mode  at  94.1  Mc/s . 

Solubility  in  HF.  NF4SbF6  is  quite  soluble  in  HF,  0.75  gram  having 
completely  dissolved  in  1  gram  of  HF  in  an  FEP  Teflon  vessel.  The  salt 
precipitated  from  solution,  however,  when  exposed  to  a  passivated  monel 
vessel,  indicating  that  it  easily  forms  supersaturated  solutions. 

Relative  intensities  of  nmr  lines  show  that  solubility  decreases  with 
decreasing  temperature. 

Thermal  Decomposition.  Nf4SbF6  is  thermally  stable  at  200°C  but 
decomposes  rapidly  above  300°C  according  to  the  reaction: 

NF4SbFs  - >  NF3  +  F2  +  SbFB 

The  decomposition  was  carried  out  in  a  monel  vessel  heavily  passivated 
with  respect  to  Fg  and  SbFg  .  The  F2  and  NF3  were  recovered  quantitatively 
in  a  1:1  mole  ratio  (approximately  49%  NF3  and  48%  F2)  but  only  a  small 
quantity  of  the  SbFg  was  observed,  the  balance  having  been  taken  up  by 
the  metal  vacuum  lines. 
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The  number  of  moles  of  NF^  formed  is  equal  to  the  number  of  moles 
of  NF3  consumed,  because  no  other  products  from  other  reactions  involving 
NF3  have  been  detected. 

In  preparations  involving  the  quantities  of  reactants  given  above 
at  200°C  and  50  hours,  about  41%  of  the  NF3  Initially  present  is  con¬ 
sumed.  The  consumption  of  NF3  drops  to  11%  at  100°C  for  50  hours.  The 
amount  of  F„  consumed  always  exceeds,  the  amount  of  NF3  consumed  because 
of  reaction  of  F£  with  the  container. 

The  NF4 +  salts  react  readily  with  moisture  in  the  atmosphere  but 
are  stable  indefinitely  in  the  nitrogen  atmosphere  provided  by  a  Vacuum 
Atmospheres  Corporation  dry  box  equipped  with  a  recirculation  system 
that  removes  both  oxygen  and  water. 

Hydrolysis.  Weighed  samples  (0.5  gram)  of  the  product  were  hydro¬ 
lyzed  in  one  to  two  cc  of  water.  The  hydrolysis  is  a  smooth  reaction 
proceeding  according  to  the  equation: 

NF4+  +  Ha0  - >  HF3  +  h02  +  HSF+ 

The  NF3  and  0a  were  determined  by  the  method  described  for  NF3  and  Fa . 

The  ratio  of  NF3  to  0a  was  2  to  1  with  a  precision  of  2  parts  in  200. 

Mass  spectrometric  analysis  of  the  gases  evolved  showed  only  NF3  and  0?  ; 
no  other  gases  such  as  nitrogen  oxides  w°-  •  detectable.  The  hydrolysis 
of  the  anion(s)  is  complex  and  is  comple  n  strong  base.9  The 
hydrolysate  was  later  analyzed  for  antimo  >  by  bromate  titration,9  with 
the  modification  that  borate  wa3  added  to  eliminate  interference  by 
fluoride  ion.  Fluoride  was  determined  colorimetrically ,10  Because  the 
product  is  contaminated  with  salts  from  the  monel  metal  container,  the 
sample  is  also  analyzed  for  Ni+2  and  Cu+Z .  The  contamination  by  copper 
which  might  reasonably  be  expected  to  occur  in  a  monel  vessel  is  usually 
neglig;  Me . 

The  elemental  analysis  performed  as  above  indicates  the  presence  of 
complex  f luoant imonate  anion,:  When  the  mixtures  from  various  preparations 
were  heated  at  200°C  for  three  days,  they  analyzed  quantitatively 
from  96.0  to  99.5$  NF4SbF6  and  the  balance  NiCSbFg'g.  These  purities 
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represent  a  range  observed  in  12  preparations,  and  the  quality  of  prepara¬ 
tions  improved  as  our  work  progressed. 

Calc,  lor  NF4SbF6:  N  --  4.30  Sb  =  58,33  F  =  37.37 

Found:  N  =  4.27+0.04  Sb  =  57.85+0.06  F  =  37.64±1.5  i.i  <  0.30 

Preparation  of  NF4AsFG  .  NF3 ,  F2  ,  and  AsFb  were  heated  at  an  initial 
pressure  of  2000  psi  for  260  hours  at  125JC  .  About  12%  of  the  NF3  was 
converted  to  a  solid  product  that,  when  heated  to  300°C,  decomposed  to 
yield  approximately  equimolar  quantities  of  the  starting  reagents, 
lljdrolysis  of  0.5  gm  of  the  salt  yielded  NF3  and  02  in  an  approximately 
2  to  1  mole  ratio.  No  oxides  of  nitrogen  were  detectable  by  mass 
spectrometry.  The  sample  was  about  95%  pure. 


RESULTS  AND  DISCUSSION 

The  interaction  of  NF3 ,  F= ,  and  SbFB  has  been  studied  in  several 
reactions  under  varying  conditions  of  temperature,  pressure,  and  propor¬ 
tion  of  starting  materials.  The  product  is  NF4 SbF6  contaminated  with  a 
small  percentage  of  metal  antimonate  salts  from  the  reaction  vessel. 

This  conclusion  is  based  on  elemental  analysis,  identity  and  quantity 
of  products  from  hydrolysis,  thermal  decomposition,  and  nmr  spectra. 

The  results  from  elemental  analysis  rule  out  empirical  formulas 
other  than  NSbF10  . 

The  F19  nmr  spectra  of  the  reaction  product  dissolved  in  HF 
(Figure  5)  consisted  of  a  triplet  at  -214.7  ppm  from  PCC13  and  a  broad 
line  obscured  by  the  sidebands  downfield  from  HF.  The  latter  appears 
to  be  characteristic  of  SbF8-  ,  while  the  triplet  differs  from  any  known 
NF  compound.  The  triplet  was  assigned  to  NF4+  as  follows: 

(1)  The  resonance  triplet  having  lines  of  equal  intensity  can  arise 
from  the  interaction  of  F19  with  a  nucleus  having  unit  quadrupole  moment. 
(2)  The  triplet  no  longer  appeared  after  the  product  had  been  thermally 
decomposed  and  had  evolved  equivalent  quantities  of  both  NF3  and  Fs  . 
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Thus  since  nitrogen  has  a  quadrupole  moment  of  one,  the  triplet  is  due  to 
the  presence  of  a  structure  of  the  type  NF^f0  Exclusion  of  paramagnetic 
structures  and  those  having  more  than  eight  electrons  in  the  bonding  orbi¬ 
tals  allows  only  NF,  NF2~  ,  NF2+,  and  NF4  +  .  (3)  The  hydrolysis  of  the  pro¬ 

duct  evolves  NF3  and  02  while  NF3 ,  Na  F2  ,  and  the  ionic  complexes  NsFAsF6 

(Ref.  11)  and  NjFgSbgF^  all  produce  oxides  of  nitrogen,  (The  hydrolysis 
of  the  gases  is  slow,  while  that  of  the  ionic  compounds  is  rapid,  N2F3SbsF11 

hydrolyzing  explosively  at  room  temperature.)  In  addition,  evolution  of 
NFa  and  02  in  a  ratio  of  2  to  1  on  hydrolysis  shows  that  the  oxidation 
number  nitrogen  in  the  allowed  NF  species  is  five.  NF4+  is  the  only  one 
of  the  allowed  structures  that  has  the  proper  valence  and  that  could  pro¬ 
duce  NF3  on  hydrolysis.  If  NF4 +  is  present  as  shown  above,  the  compound 
has  the  structure  NF4+SbF6~  . 

The  existence  of  the  NF/F19  triplet  and  no  other  resonance  attributable 
to  an  NF  structure  shows  that  all  fluorines  in  NF4+  are  equivalent  and  that 
the  structure  of  the  ion  is  almost  certainly  tetrahedral  as  expected . 

Fluorine  nmr  spectra  were  obtained  on  numerous  reaction  products  as 
well  as  on  products  converted  to  NF4SbF6  by  heating  vacuo.15  No 

resonance  lines  other  than  those  attributable  to  NF4+  in  the  form  of  its 
antimonate  or  complex  antimonate  salts  have  been  observ  d.  The  combined 
evidence  from  nmr  spectra,  hydrolysis,  and  analysis  of  unreactcd  starting 
materials  shows  that  NF3  undergoes  no  reactions  other  than  those  leading 
to  formation  of  NF4*.  The  reaction  mechanism  leading  to  NF4+  is  not  known, 
although  it  might  involve  either  the  heterolytic  dissociation  of  F2  to 
form  F+SbF6 ” ,  formation  of  NF2SbF6 ,  or  both. 

The  stability  of  NF4SbFG  _in  vacuo  at  200°C  and  its  decomposition  at 
300°C  implies  that  the  ion,  at  least  in  this  salt,  is  quite  stable.  The 
latter  indicates  an  activation  energy  (possibly  30  to  50  kcal/mole)  for 
the  decomposition  of  NF4+  that  is  higher  than  we  expected  and  much  higher 
than  anticipated  by  Wilson.®  Consequently,  the  hypothetical  salts  he 
discussed  might  very  well  have  sufficient  stability  to  be  preparable. 
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from  HF,  however,  indicating  the  presence  of  a  substantial  quantity 
of  AsF6“  salts. 

The  second  sample  prepared  subsequently  from  quantities  of  reactants 
exposed  to  glow  discharge  for  several  weeks  was  diss^  .ved  in  HF 
and,  as  before,  formed  a  colorless  solution  and  a  dark  residue. 

The  nmr  spectrum  contained,  at  very  low  intensity,  the  triplet  we 
had  shown  earlier  to  be  characteristic  of  NF4  +  .  We  estimated  from 


See  Article  4  of  this  report. 
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the  ratio  of  the  area  of  the  hexaf luoroarsenate  line  to  that  of 
the  triplet  (about  100  to  1 )  that  this  particular  sample  almost 
certainly  contained  about  1 $  NF4AsFG .  The  balance  of  the  arsenic 
salts  were  thought  to  be  NOAsFe  and  NO^AsFg  formed  by  reaction 
of  fluorine  with  glass  during  the  glow  discharge.  It  was  later 
reported13  that  hydrolysis  of  the  discharge  product  yielded  nitrogen 
oxides  alon_  with  NF3 .  The  hydrolysis  of  NOAsFfi  could  explain 
the  evolution  of  NO,  while  that  of  NF4AsF6  could  not.  This 
difference  in  properties  of  NF4AsFG  indicates  that  the  glow  discharge 
produced  impurities  at  least  in  the  samples  we  examined.  These 
observations,  however,  comprise  a  partial  confirmation  of  our 
conclusions  in  that  the  glow  discharge  synthesis  is  a  third  method 
of  preparing  the  NF4+  cation. 

(13)  K.O.  Ch  iste,  J.P.  Guertin,  and  A.E.  Pavlath,  Inorg,  Nucl .  Chem. 
Letters,  2,  83  (1966). 
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THE  SYNTHESIS  OF  THE  PERFLUORO  AMMONIUM  CATION,  NF„'t 

W.E.  Tolberg,  R.T.  Rewick,  R.S,  Stringham, 
and  M.E.  Hill 

Stanford  Research  Institute 
Menlo  Park,  California 


The  purnose  of  this  note  is  to  report  the  first  synthesis  of  the 
tetraf luoroammonium  ion,  NF4  +  .  The  ion  was  synthesized  in  the  form  of 
its  salt,  NF4SbF6 ,  during  research  directed  toward  determining  conditions 
under  which  the  ionic  species,  NF^*,  can  be  made  to  exist.  The  approach 
included  studies  of  the  system  NF3 /F2/SbFs/HF  and  its  six  binary  and  four 
ternary  subsystems,  whose  reactions  forming  solid  salts  in  these  systems 
possibly  involved  the  following: 

HF 

1.  NF3  +  SbF5  _ »  NF2SbFe 

HF 

2.  NF3  +  HSbF6 _ HNF3SbF6 

HF 

3.  NF3  +  Fj,  +  SbFs  NF4SbFg 

At  ambient  and  lower  temperatures  and  at  pressures  up  to  12  atmospheres, 
we  observed  no  new  N-F-conta ining  species  in  the  systems  containing  NF3 
either  by  means  of  conductivity  and  solubility  measurements  or  by  means  of 
NMR  and  EPR  spectra.  In  addition,  thermochemical  estimates  indicated  that 
the  heat  of  reaction  to  form  the  hypothetical  crystal,  NF4+/f  ,  would  be 
endothermic  by  about  50  kcal.  More  significant,  perhaps,  is  that  the 
several  mechanisms  through  which  NF4+  itself  might  be  forr.«,-d  involved 
processes  considerably  more  endothermic  than  indicated  by  the  net  heat 
of  reaction.  x>2 

From  prior  experimental  observations,  thermo chemical  estimates,  and 
the  calculations  of  Curtis  and  Wilson2  on  the  estimated  entropy  and 
stability  of  the  NF4+  cation,  it  seemed  reasonable  that  the  synthesis  of 
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NF4SbF6  could  be  accomplished  by  heating  the  quaternary  system, 

NFS /F2 /SbFs /HF ,  at  moderate  temperatures  and  relatively  high  pressures. 

The  synthesis  occurred  as  expected  when  equimolar  quantitie-  of  NF3 , 

F2 ,  and  SbFs  were  heated  in  a  monel  tube  reactor  for  about  2-1/2  days 
at  200°C  and  at  pressures  up  to  85  atmospheres.  A  liquid  phase  of  HF  and 
SbF5  was  present  at  a  concentration  of  0.2  mole  fraction  of  SbFs  relative 
to  HF  at  room  temperature.  On  completion  of  the  reaction  and  removal 
and  analysis  of  unreacted  starting  materials,  the  solids  remaining  in 
the  reactor  exhibited  a  vapor  pressure  not  in  excess  of  a  few  microns 
at  200°C.  The  product  was  decomposed  at  350°C  in  vacuo  yielding 
approximately  0 .01  mole  of  gas  containing  equimolar  quantities  of  NF3  and 
F2 •  In  this  first  experiment,  no  attempt  was  made  to  observe  SbFs .  The 
evolution  of  equimolar  quantities  of  NF3  and  F2  was  expected  from  the 
thermal  decompose ion  of  NF4SbF6  formed  as  shown  in  reaction  (3). 

Reaction  parameters  have  been  studied,  and  it  appears  that  a 
satisfactory  preparation  is  obtained  when  0.1  mole  each  of  NF3 ,  F2 .  and 
8bFs  (the  latter  0.2  mole  fraction  in  HF )  are  heated  at  200QC  for  two  to 
three  days  in  a  60  cc  monel  tube  reactor  and  at  pressures  up  to  18l 
atmospheres.  The  crude  product  also  contains  salts  formed  by  the  reaction 
of  monel  metal  with  F2  and  SbFs  .  We  have,  in  fact,  been  unable  to  obtain 
any  evidence  that  the  crude  p.’oduct  contains  other  than  a  mixture  of 
NF4SbF6  and  the  salts  from  the  reaction  with  monel  metal. 

From  material  balances  on  a  number  of  preparations,  the  consumption 
of  NF3 ,  F2,  and  SbF5  was  best  accounted  for  by  the  formation  of  NF4SbF6 
along  with  Ni(ll)  and  Cu(ll)  hexaf luoroantimonates .  In  a  typical  prepara¬ 
tion,  more  than  40^  of  the  NF3  charged  is  converted  to  a  solid.  The  crude 
product  of  the  reaction  contains  about  0.035  mole  of  NF4SbF6  and  is 
approximately  75 %  pure  by  weight,  the  remainder  consisting  of  metal  salts. 
The  crude  (75^6)  NF4SbF6  was  characterized  without  further  purification  by 
means  of  thermal  decomposition,  hydrolysis,  and  f19  NMR  spectra.  Above 
300°C  thermal  decomposition  proceeded  according  to  the  following  reaction: 

NF4  SbF6  -  NF3  +  F2  +  SbF5 

A 
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The  hydrolysis  reaction  was: 

NF4SbF6  +  7H20  -  NF3  +  i02  +  HSb'jH)6  +  7HF 

| 

Hydrolysis  proceeds  smoothly  to  yield  a  colorless  solution.  Data  from 
these  reactions  agreed  withir  experimental  error  with  the  product  composition 
indicated  by  the  material  balan..  .  The  NMR  spectra  of  t.  a  HF  solution  of 
the  product  contained  a  triplet  resonance,  centered  at  -214.7  ppm  from 
FCC13 .  The  lines  of  the  triplet  wpw>  equally  intense  with  a  coupling 
constant,  p,  of  231  cps .  The  chemical  shift  and  splitting  differ  from 
any  known  N-F  species.  These  observations  and  ethers  not  included  in  this 
note  are  consistent  with  the  synthesis,  leactions,  and  properties  of  the 
salt ,  NF4 SbFfi . 

Subsequently,  the  salt,  NF4AsF6  ,  was  synthesized  by  the  same 
method  used  for  the  synthesis  of  NF4SbF6 .  The  c  nversion  of  NF3  was 
substantially  less,  apparently  because  of  the  volatility  of  Ni(AsF6^2 
at  200°C.  The  product  decomposed  at  300°C  to  yield  NF^ ,  F2 ,  and  AsF5  . 

It  was  most  gratifying  to  have  certain  of  the  results  reported 
here  confirmed  in  research  conducted  at  the  Stauffer  Chemical  Company 
by  Christe rGuertin,  and  Pavlath.3  At  their  request,  we  obtained  NMR 
spectra  from  samples  of  two  solids  which  they  had  prepr.red  in  a  glow 
discharge  in  the  presence  of  NF3 ,  F2 ,  and  AsFs .  The  N-F  resonance  which 
we  had  earlier  shown  to  be  characteristic  of  NF4+  was  observed  at  low 
intensity  in  the  HF-soluble  portion  of  one  of  the  two  samples.  Their 
glow  discharge  product  almost  certainly  contained  NF4AsF6 . 
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R.S.  Stringham,  W.R.  Anderson,  Jr.,  R.T.  Rewick, 
W.E.  To! berg ,  and  M.E.  Hill 

Stanford  Research  Institute 
Menlo  Park.  Cal ifornia 


ABSTRACT 

In  a  study  of  the  strongly  acid  system  HF/SbFs,  F19  nmr  spectra 
consistent  with  the  presence  of  H2F+,  SbF6”,  and  the  structure  Sb2Fu 
were  obtained  on  mixtures  that  were  about  0.2  mole  fraction  SbFs .  The 
Sb2F11”  structure  is  that  of  two  octahedra  joined  by  a  common  aper. 

The  resonance  lines  assigned  to  Sb2Fn-  were  resolved  at  a  temperature 
just  above  the  freezing  point  of  the  mixture  near  -50°C.  A  stable  salt 
of  this  anion,  NF4Sb2Fllt  was  also  synthesized  and  characterized. 


NOTE 

In  a  study  of  the  system  HF/SbF5 ,  by  means  of  conductivity  measure¬ 
ments  and  infrared  and  Raman  spectra,  Hyman  et  al.1  established  the 
equilibrium  reaction 

2HF  +  SbF5  ♦♦  H2F+  +  SbF6  “ 

They  also  concluded  from  their  evidence  that  another  discrete  species 
was  present  and  suggested  that  it  might  be  the  ion  pair  H2F+SbF6”.  We 
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have  obtained  evidence  from  F19  nmr  spectra  of  the  HF-SbFs  system  that 
this  species  is  probably  SbgF,!-.  The  F19  nmr  spectra  of  this  system 
were  observed  elsewhere  independently,  and  the  Sb2Fj j  ion  was  similarly 
deduced.2  These  independent  results  have  not,  however,  been  published. 

In  addition,  we  have  observed  the  formation  of  a  salt  NF4Sb2F11  that 

contains  this  anion.  A  similar  salt  N2F3Sb2F11  also  appears  to  have 

,  , 

1 11 1 s  struct ure  . 

Fluorine  resonance  spectra  were  obtained  on  mixtures  that  were 
approximately  0.05,  0.2,  and  0.5  mole  fraction  SbFs  in  polychlorotri- 
f luoroethylenc  nmr  tubes  at  ambient  temperature  and  at  temperatures  just 
above  the  freezing  point  of  each  mixture.  For  the  samples  that  were  0.2 
mole  fraction  in  SbFs ,  this  temperature  was  about  -50  C.  In  normal 
operation,  the-  Varian  Associates  HA-60  Spectrometer  produced  spectra 
having  sidebands  that  overlapped  and  obscured  the  observed  resonance  lines 
of  the  HF/SbFs  system.  The  sidebands  were  eliminated  by  disconnecting 
the  integrator,  and  it  then  became  necessary  to  record  data  by  photographing 
the  spectra  displayed  on  the  oscilloscope  screen. 

The  spectra  of  all  mixtures  at  ambient  temperature  consisted  of  very 
broad  lines,  but  at  just  above  the  freezing  point  of  the  mixture  that  was 
0.2  mole  fraction  SbF3 ,  five  relatively  sharp  lines  were  observed:  three 
of  these  had  fine  structure.  Data  derived  from  these  spectra  are  given 
in  Figure  1.  The  chemical  shifts  of  the  lines  were  obtained  by  calibrating 
the  horizontal  scale  of  the  oscilloscope  grid  in  parts  pe"  millior,  per 
division.  This  was  done  by  using  the  chemical  shifts  of  pure  antimony 
pentaf luoride3  and  pure  HF  from  FCC13  as  references.  We  estimated  that 
the  shifts  of  the  observed  lines  were  obtained  within  four  ppm. 

In  view  of  the  presence  of  SbF6-  an  HZF+  as  shown  by  Hyman  et  al., 

two  of  the  five  lines  were  attributed  to  these  species.  In  Figure  1. 

peak  I  was  most  probably  due  to  SbF6~  and  peak  II  to  the  exchange  between 

HF  and  H2F+. 

The  spin  coupling  splittings  in  the  fine  structure  observed  in  the 
three  remaining  peaks  were  determined  with  the  aid  of  a  100  cps  sideband. 
These  splittings,  shown  in  Figure  1,  indicate  that  the  three  lines  are 
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related  to  a  single- species .  The  areas  of  the  three  lines  are  best 
expressed  in  terms  of  the  ratio  1:8:2,  corresponding  to  peaks  labeled 
A, ,  M8 ,  and  Xz  in  Figure  1.  While  the  areas  could  not  be  determined  with 
sufficient  precision  to  rule  out  other  closely  related  ratios,  the  ratio 
1:8:2  was  consistent  with  the  species  SbzFn-  in  the  form  of  two  octahedra 
joined  by  a  common  apex.  The  quadruplet  labeled  M8  resembled  a  pair  of 
overlapped  doublets  and  was  consistent  with  eight  equivalent  fluorines 
split  by  two  types  of  non-equivalent  fluorine.  The  quintuplet  X2  appeared 
as  a  regular  binomial  distribution  and  was  consistent  with  two  equivalent 
fluorines  split  by  four.  Final ly .although  At  was  observed  as  a  seven-fold 
multiplet  instead  of  the  nine-fold  array  required  by  this  structure,  it  is 
still  consistent  with  the  splitting  of  a  single  fluorine  by  eight  equivalent 
ones.  This  follows  from  the  binomial  distribution  of  intensities  that 
predicts  the  first  and  last  lines  of  a  multiplet  of  nine  to  be  l/l68  of 
the  intensity  of  the  central  line.  Thus,  in  this  method  of  obtaining  spectra 
from  the  oscilloscope  screen,  sufficient  amplification  could  not  be  used 
to  observe  them. 

While  this  evidence  satisfactorily  indicated  the  presence  of  SbzFn~ 
in  the  HF/SbFs  systems,  it  remained  to  observe  the  existence  of  salts 
having  this  anion.  This  occurred  in  studies  which  followed  the  synthesis4 
of  NF4SbF6  from  the  reaction  of  NF3 ,FZ ,  and  SbFs  under  high  pressure  and 
at  100  to  200°C .  At  100°C  and  in  the  presence  of  excess  SbFs ,  the  product 
formed  in  this  reaction  is  NF4SbzF11  as  shown  by  elemental  analysis.  It 
is  stable  at  100°C  in  vacuo  but  loses  SbF5  to  form  NF4SbFG  at  200°C . 

The  synthesis  of  the  salt  NF4SbzFi,  and  the  nmr  spectra  consistent 
with  the  SbzFlt_  structure  taken  together  comprise  substantial  evidence 
for  the  existence  of  the  SbjFu'ion. 
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FIGURE  LEGEND 


Fig.  1.  Fluorine  nmr  spectra  of  the  HF /SbF 5  system. 
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FIG.  1  FLUORINE  nmr  SPECTRA  OF  THE  HF/SbF,  SYSTEM 
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THE  SOLUBILITY  OF  Fp  ,  NF'3 ,  AND  Os  IN  ANHYDROUS  LIQUID  HF 

W.E.  Tolberg,  R  .T  .  Rewick,  M .E .  Hill 

Stanford  Research  Institute,  Menlo  Park,  California 


ABSTRACT 

The  solubilities  of  Fp  ,  NF3 ,  and  0p  in  anhydrous  liquid  HF  have 
been  measured  at  several  temperatures.  The  solubility  of  Fp  passes 
through  a  minimum  between  0  and  20°C.  The  solubility  of  NF3  exhibited 
no  such  minimum  m  the  temperature  range  studied  but  deviated  appreciably 
from  ideal  behavior  at  dry  ice  temperature  and  above  one  atmosphere 
pressure.  The  solubility  of  0a  was  measured  at  0  and  20°C .  and  was,  as 
expected,  virtually  identical  with  that  of  Fs  .  In  contrast,  the 
solubilities  of  0p  in  HF  at  0  and  20°C.  were  factors  of  ten  and  five, 
respectively,  lai  r  than  the  literature  values  of  the  solubility  of 
0p  in  HpO  at  the  corresponding  temperatures. 


Solubilities  of  gases  in  liquids  are  of  theoretical  interest,  and 
when  measured  with  sufficient  precision  and  sensitivity,  can  be  used 
along  with  other  information  such  as  conductivity  to  infer  the  presence 
or  absence  of  interaction  of  the  gas  with  the  solvent  .  In  the  study  of 
the  chemistry  of  NF3  and  F2  in  liquid  HF ,  it  was  of  interest  to  determine 
their  solubilities  in  this  solvent.  The  solubility  of  02  in  HF  was  also 
determined  in  order  to  permit  comparison  between  solubilities  in  HF  and 
in  H20.  A  simi’ar  comparison  of  the  solubilities  of  F2  in  the  two 
solvents  would  have  little  value  because  of  the  reaction  of  F2  with  water. 

The  solubility  of  BF3  in  liquid  HF  is  the  only  recently  reported 1 • 2 > 3 
gas  solubility  in  HF.  Thus,  this  paper  is  the  first  report  of  the  solu¬ 
bilities  of  F2 ,  NF3 ,  and  02  in  HF .  The  method  used  in  this  work  was 
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similar  to  that  used  by  Kilpatrick  and  Luborsky,1  and  the  measurements 
were  made  at  several  temperatures  fiom  19.85  to  -77,2°C. 

ft 

EXPERIMENTAL  SECTION  | 

The  apparatus  used  is  shown  in  Figure  1.  All  parts  were  fabricated 

n 

from  Monel  metal  and  were  assembled  by  brazing  with  silver  solder.  Ail 

j 

valves  were  Hoke  M-482-M  bellows  valves.  The  volumes  of  vessels  were 
determined  from  the  weight  and  density  of  distilled  water  that  completely 
filled  them.  Volumes  of  the  reaminder  of  the  system  were  calculated 
from  PV  changes  of  argon.  Two  Wallace  and  Tiernan  pressure  gages  were 
used:  a  0-1520  mm.  gage  and  a  dual -scale  gage,  0-2C0  pria  and  0-1035  cm. 

Hg.  Both  haa  calibrations  traceable  to  the  Bureau  of  Standards  but  were 
tested  as  follows:  the  low  pressure  gage  agreed  exactly  with  a  mercury 

1 

barometer  at  atmospheric  pressure.  Successive  quantities  of  argon 
measured  at  one  atmosphere  were  then  condensed  into  the  high  pressure 
gage  volume.  Assumpt'on  of  the  perfect  gas  law  permitted  calculation  of 
the  pressures  that  should  have  resulted.  The  standard  deviation  of  the 
pressures  observed  from  those  calculated  was  0.7  cm.  Hg. 

Anhydrous  hydrogen  fluoride  was  obtained  in  excellent  purity  from 
Olin  Corporation.  It  was  condensed  into  a  copper  trap  at  liquid  nitrogen 
temperature  and  pumped  on  to  remove  hydrogen.  The  HF  was  then  distilled 
slowly  into  a  Kel-F  conductivity  cell  having  platinum  electrodes  and  was 
found  to  have  a  conductivity  of  3  x  10-5  ohm.-1  cm.-1,  indicating  relatively 
high  purity.  The  HF  was  then  distilled  into  the  450  cc .  vessel  and 
weighed:  212.9  grams  were  present. 

Flu  rine  was  obtained  from  Allied  Chemical  Corporation  with  a  typical 

| 

analysis  of  98^  purity.  It  was  purified  by  condensing  a  known  quantity  of 
gas  into  a  trap  packed  with  nickel  spirals  and  cooled  to  -190°C  Gases 
volatile  at  -190°C.  were  then  transferred  to  a  receiver  at  -196°C.  The 
significant  impunity  remaining  is  approximately  1$  air.  A  substantial 
part  of  the  --emaining  air  was  removed  by  extractions  of  the  vapor  above 
the  liquid  fluorine  into  an  evacuated  volume.  The  fluorine  obtained  in 
this  manner  was  used  without  further  purification  or  analysis. 
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RESULTS 


The  solubility  of  F2  in  HF  at  five  temperatures  is  given  in  Figure  2. 
The  straight  line  plots  are  given  by  a  Henry’s  law  expression,  p  =  kM, 
wherein  the  pressure  of  fluorine  in  the  vapor  phase  equals  a  constant  times 
the  molality  of  fluorine  in  solution.  The  solubility  apparently  goes 
through  a  minimum  between  0  and  20°C .  ,  but  between  0  and  -77.2  C.  the 
solubility  can  be  calculated  from  the  temperature  coefficient.  Values 
calculated  from  the  latter  agree  within  3$  of  the  values  determined  in 
single  poxnt  measurements  at  -23  and  -65°C. 

The  solubility  of  NF3  at  three  temperatures  is  shown  in  Figure  3. 
Straight  line  plots  were  obtained  at  ice  temperature  and  above.  At  dry 
ice  temperature,  a  curved  plot  was  observed.  Its  limiting  slope  was  very 
nearly  equal  to  that  predicted  from  the  temperature  coefficient  from  which 
the  calculated  curve  was  derived.  From  this  fact,  it  seems  clear  that 
NF3  does  not  have  a  solubility  minimum  in  t  ?  temperature  range  observed 
and  that  the  nonlinearity  of  the  solubility  at  dry  ice  temperature  might 
be  due  to  other  effects  suen  as  hydrogen  bonding  between  HF  and  NF3 ,  or 
to  intereactions  of  NF3  with  itself  at  a  temperature  and  pressures  c sc 
to  critical.  The  latter  seems  most  likely. 

The  solubility  of  0Z  in  HF  is  given  by  p  =  3 .4  x  103M  at  293 .0°K. 
and  3.320  x  103M  at  272. 9°K. ,  where  p  is  in  cm.  Hg.  M  is  in  moles  per 
1000  grams,  and  k  in  corresponding  units. 

The  solubilities  of  02  ’’"d  F2  in  HF  are  very  similar  at  ice  temperature 
and  20°C.  Because  the  solubility  of  02  was  not  studied  at  additional 
temperatures,  no  conclusions  as  to  the  existence  of  a  solubility  minimum 
can  be  made,  nor  is  it  likely  that  solubilities  can  be  estimated  reliably 
by  extrapolation  of  the  temperature  coefficient. 

Comparison  of  the  solubility  of  02  in  HF  and  in  H203  shows  that  it 
is  a  factor  of  ten  less  soluble  in  H20  at  0°C,  The  solubility  of  F2  in 
water  is  probably  similarly  a  factor  of  ter.  less. 
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FIGURE  LEGEND 


Figure  1 . 
Figure  2 . 
Figure  3 . 


Solubility  Apparatus 

Solubility  of  Fluorine  in  HF  at  Five  Temperatures 
Solubility  of  NF3  in  HF  at  Three  Temperatures 
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the  structure  of  the  salt  was  shown  to  be  NF4+SbF6"  .  Because  the  nmr  spectra  showed 
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certainly  tetrahedral. 

The  salt  NF4AsF6  was  also  synthesized  in  a  similar  reaction  and  was  character¬ 
ized  by  thermal  decomposition,  hydrolysis,  and  elemental  analysis.  These  results 
were  quite  analogous  to  those  of  the  antimonate  salt  except  that  the  thermal  decom¬ 
position  temperature  was  slightly  lower  and  the  purity  was  only  about  95%. 
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Article  3 


In  a  study  of  the  strongly  acid  system  HF/SbFB ,  nmr  spectra  consistent  with 
the  presence  of  H2F+,  SbF6"  ,  and  the  structure  S^F^j”  were  obtained  on  mixtures 
that  were  about  0.2  mole  fraction  SbFB  .  The  SbgF^"  structure  is  that  of  two  octa- 
hedra  joined  by  a  common  apex.  The  resonance  lines  assigned  to  Sb&F11-  were  re¬ 
solved  at  a  temperature  just  above  the  freezing  point  of  the  mixture  near  -50°C.  A 
stable  salt  of  this  anion,  NF4SbaF11,  was  also  synthesized  and  characterized. 


Article  4 

The  solubilities  of  Fa  ,  NF3 ,  and  0a  in  anhydrous  liquid  HF  have  been  measured 
at  several  temperatures.  The  solubility  of  Fs  passes  through  a  minimum  between  0 
and  20°C.  The  solubility  of  NF3  exhibited  no  such  minimum  in  the  temperature  range 
studied  but  deviated  appreciably  from  ideal  behavior  at  dry  ice  temperature  and 
above  one  atmosphere  pressure.  The  solubility  of  0a  was  measured  at  0  and  20°C .  and 
was,  as  expected,  virtually  identical  with  that  of  Fa  .  In  contrast,  the  solubilities 
of  0^  in  HF  at  0  and  20° C .  were  factors  of  ten  and  five,  respectively,  larger  than 
the  literature  values  of  the  solubility  of  0a  in  Ha0  at  the  corresponding  tempera¬ 
tures  . 
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